Distributions of Coulomb blockade peak spacing are reported for large ensembles of both unbroken (magnetic field B = 0) and broken (B ≠ 0) time reversal symmetry in GaAs quantum dots. Both distributions are symmetric and roughly gaussian with a width ~ 2-6% of the average spacing, with broad, non-gaussian tails. The distribution is systematically wider at B = 0 by a factor of ~ 1.2 ± 0.1. No even-odd spacing correlations or bimodal structure in the spacing distribution is found, suggesting an absence of spin-degeneracy. There is no observed correlation between spacing and peak height.
For some time it has been appreciated that electron transport in mesoscopic systems exhibits quantum interference effects with universal statistical features, and that this universality can be associated with the underlying universality of quantum chaos [1] and its mathematical description in terms of random matrix theory (RMT) [2, 3] . This approach has been quite successful in describing low-temperature transport in open quantum systems (i.e. systems with large conductance, g e h > 2 / , to reservoirs) where a single-particle picture apparently provides an adequate description of the physics. Recent application of RMT to ground state properties of nearly isolated quantum dots-in particular, in characterizing the distributions of Coulomb blockade (CB) conductance peak heights [4] has also been remarkably successful [5, 6] .
On the other hand, experiments by Sivan et al. [7] and Simmel et al. [8] indicate that the most basic prediction of RMT, namely the famous Wigner surmise for the distribution of level spacings, fails to describe the fluctuations of Coulomb blockade peak spacing, suggesting that fluctuations in the energy separation between adjacent ground states of a quantum dot-the so-called addition spectrum-appear not to be distributed according to RMT. The failure of RMT in this case is perhaps not surprising, since this theory was not intended to describe ground state properties, even in systems with singleparticle-like excitations above the ground state. Unfortunately, this failure leaves no theory that can adequately characterize (even statistically) the ground state addition spectrum of degenerate confined Fermi systems.
In this Letter, we present an extensive study of the distributions of ground state energy spacings as measured from the spacings of CB peaks in GaAs quantum dots, in both zero and non-zero magnetic field, including over 20,000 CB peaks measured in seven devices. Consistent with previous experiments [7, 8] , we find that the distribution of CB peak spacings are not qualitatively described by single-particle RMT. In contrast to these experiments, however, we find that the width of the distribution of fluctuations is rather narrow, comparable (once scaled) to the single particle level spacing, and shows the effects of time reversal symmetry breaking comparable to RMT predictions, suggesting that quantum effects play some role in determining the distributions. The extensive data set allows full distributions of peak spacing fluctuations to be measured accurately for the first time. What is found is that both B = 0 and B ≠ 0 distributions are roughly gaussian, with significantly wider than gaussian tails. We also find no correlation between peak height properties (reflecting eigenfunction properties) and peak spacings (reflecting eigenvalue properties). and A is the dot area), transport on a CB peak is a resonant process, making the degeneracy condition and hence the peak location sensitive to the discrete level spectrum of the dot. A simple and often assumed model connecting level spacing statistics and CB peak spacing is the so-called 'constant interaction' (CI) model, in which the separation between ground state energies of the dot probed by CB is separated into two parts, a charging energy E C that is independent of (or at most slowly varying with) the number of electrons on the dot, N, and a fluctuating part associated with a discrete quantum level spacing. This separation assumes that fluctuations in E C due to charge rearrangement in the ground state upon adding an electron are small compared to ∆. Within the CI model, the spacing (in gate
, where V g i is the center position of the i th peak, is given by GaAs dots of the type described here and in Ref. [7, 8] , one expects roughlyσ <~. 0 03, depending slightly on the dot shape and size, based on experimental values of ∆ and E C (see Table 1 ). Previous experiments [7, 8] found CB peak spacing fluctuations considerably larger than this value, of order 0.1-0.15 of the average spacing. The large fluctuations found in the experiment as well as supporting numerics lead Sivan et al. [7] to suggest that classical charging energy fluctuations proportional to E C not included in the CI+RMT model dominate peak spacing fluctuations. Recent Hartree-Fock calculations suggest that such fluctuations due to charge rearrangement should be small compared to ∆ [12] . In the present study, we find values of σ that are consistent in size and magnitude of symmetry-breaking effect with the CI+RMT predictions, but (as with Refs. [7, 8] ) we find a unimodal, roughly symmetric P ν ( ) that is inconsistent with CI+RMT.
The quantum dots we have measured are formed by gate depletion of a twodimensional electron gas (2DEG) in a GaAs/AlGaAs heterostructure (see Table 1 for device parameters). All dot dimensions were smaller than the bulk mean free path so that transport within the dots is ballistic. The irregular dot shapes were designed to produce chaotic scattering while multiple gates allowed ensemble averaging using shape distortion.
Charging energies are measured from the relation E e V C g η ∆ , based on Eq. 1 with
∆ << E C , with the 'lever arm' η = C C g dot extracted from the temperature dependence of the peak width [10] . All measurements were made in a dilution refrigerator at base temperature (30 mK) using two-wire ac lockin techniques with a voltage bias of 5 µV at 11
Hz. The electron temperature, determined by fitting peak width versus temperature [10] , was ~ 100 mK for all devices. Ensemble statistics were collected by sweeping one gate voltage, V g1 , over ~ 20 peaks then incrementing magnetic field or a second gate voltage, V g2 , to yield a new ensemble of peaks. While the heights of nearby CB peaks show considerable correlation (Fig. 1a) , peak spacings appear uncorrelated (Fig. 1b, 1c) . We estimate the number of "independent" peak spacings, n i in Table 1 , as the number of peaks measured in each scan of V g1 multiplied by the number of scans over independent peaks based on height. All peak spacing data are based on relatively small CB peaks, in the range 0.01 to 0.1 e h 2 / . For this range of heights, the valleys between peaks have zero conductance within the noise of the measurement.
is fit by a cosh -2 form [10] and spacing is determined from the centers of the fits (Fig. 1b) .
The decreasing average spacing as V g1 increases (i.e. as electrons are added to the dot),
reflects an increasing C dot with increasing N. A running average spacing ∆V g i 1 is found from the best fit line (dashed in Fig. 1b ) and used to define the normalized fluctuations, We next investigate correlations between peak spacing fluctuations and peak height fluctuations [5, 6] . Within RMT, no correlations are expected since height fluctuations depend on eigenfunctions [4] while spacings fluctuations depend on eigenvalues;
eigenfunctions and eigenvalues are uncorrelated within RMT [13] . Figure 3 shows CB peaks and spacings for B ≠ 0 (for device 4) as gray-scale plots over gate voltages V g1 and V g2 . Stripes of roughly constant height moving downward to the right in Fig. 3a indicate that effectively the same CB peak is being measured many times as V g1 is increased and V g2
is decreased (on the voltage scale of the CB spacing, the effects of shape distortion are small). Spacing fluctuations for the same data set show similar striped structure (Fig. 3b) as expected if, again, it is roughly the same peak spacing being measured for different combinations of V g1 and V g2 . The stripes in Fig. 3b indicate that the spacing measurement is not noise limited, since peak spacings follow same lines as peak heights. The plot also
shows that spacing fluctuations are not correlated within a row, i.e. neighboring spacings are not correlated. This contrasts the peak heights, which are correlated over 3-7 peaks (depending on the device) within a row [5] . We find that the spacing ν between adjacent peaks (i+1 and i) is not correlated with either the normalized height difference of the two 2 max , as shown in Fig. 3c and 3d .
In summary, we have measured Coulomb blockade peak spacing fluctuations for very large ensembles at both B = 0 and B ≠ 0 in GaAs quantum dots. We find roughly gaussian distributions with wide tails and widths ~ 0.02-0.06 times the average peak spacing (~ E C ), smaller by factor of 3-5 than measured previously [7, 8] . The widths we observe are consistent with the CI+RMT model, as is the ratio ~ 1.2 ± 0.1 of widths for B = 0 and B ≠ 0. The absence of a bimodal distribution or any even-odd structure in the spacings suggests an unexpected absence of spin degeneracy. Finally, we observe no correlation between peak spacing fluctuations and average peak height or peak height differences. 
38 (2) 25 (2) 25 (3) 43 (2) 56 ( 2 max as a function of ν for the same data set as (c). Note that there are no observable correlations between ν and peak height differences (c) or average peak height (d).
